Si 3 N 4 ceramics reinforced with SiC platelets were fabricated by hot pressing at 1800°C. The microstructure of the Si 3 N 4 matrix itself was the same with or without the addition of the SiC platelets. However, the mechanical properties of the Si 3 N 4 were changed remarkably by the SiC addition. The fracture toughness and the crack resistance with crack propagation (R-curve behavior) were improved while the fracture strength was decreased slightly by the platelets. Improvement in crack resistance was attributed to the extensive interaction of cracks with the platelets. The reduction in strength, on the other hand, is believed to be due to cracks associated with weak platelet-matrix interfaces.
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I. Introduction
S ILICON NITRIDE (Si 3 N 4 ) is one of the most promising ceramic materials for structural applications because of its excellent thermal, mechanical, and chemical properties. Many potential applications are, however, still limited because of its relatively low fracture toughness and reliability. Much effort has been made to improve the fracture toughness of the Si 3 N 4 . One approach is to control the processing variables to yield an optimum microstructure for the improved mechanical properties. [1] [2] [3] Another approach is to fabricate Si 3 N 4 -based composite materials by adding reinforcing agents, such as SiC, TiC, WC, TiN, and TiB 2 in the form of particles, whiskers, or platelets. [4] [5] [6] [7] [8] [9] [10] [11] [12] Improvements in mechanical properties were made by making the composite materials as well as by controlling the microstructure of the Si 3 N 4 .
Silicon carbide in the form of whiskers has been most widely used as a reinforcing agent for Si 3 N 4 or oxide ceramics such as Al 2 O 3 or ZrO 2 . 4, 5, [13] [14] [15] High strength, high elastic modulus, and chemical inertness at elevated temperature made the SiC most suitable for the reinforcing agent. In many systems, including Si 3 N 4 , substantial improvements in fracture toughness and slow-crack-growth resistance were obtained by reinforcement with SiC whiskers. 4, 5, 13, 14 Recently, however, there has been an increasing awareness of health hazards associated with manufacturing and handling of the whiskers.
A possible solution to this problem is the substitution of whiskers with disk-shaped platelets, which cause no health problems. Previous investigations showed that the addition of platelets was similarly effective in increasing the fracture toughness compared to the case of whisker additions.
6-8 Actually, remarkable improvements in the fracture toughness and the Weibull modulus of Si 3 N 4 have been achieved previously by adding up to 30 vol% of SiC platelets. 8 In the present research, we investigated the effect of SiC-platelet additions on the crack resistance with the crack propagation (R-curve behavior) of Si 3 N 4 . The effect of platelet addition on the microstructural evolution and fracture strength was also monitored and correlated to the toughening mechanisms.
II. Experimental Procedure
Silicon nitride powder (Grade E-10, Ube Industries, Tokyo, Japan) was mixed with 5 wt% yttria (Fine grade, H. C. Stark, Berlin, Germany) and 2 wt% alumina (HP-DBM, Reynolds, Bauxite, AK) in a polyurethane bottle for 24 h using silicon nitride balls and ethanol as media. After the ball milling, up to 20 vol% SiC platelets (SF grade, C-Axis Technology, Jonquiere, Canada) were added to the slurry, then mixed for 3 h more. The average diameter and the aspect ratio of the platelets (diameter/thickness) were 11 m and 9, respectively. 16 Mixing with the platelets was carried out for a relatively short period of time to minimize the breakage of the platelets. After drying and screening through a 60-mesh screen, the mixed powders were hot-pressed at 1800°C for 1 h with an applied load of 30 MPa in a flowing N 2 atmosphere. All of the specimens had densities higher than 98% of the theoretical. The theoretical densities were estimated according to the rule of mixture. The microstructure of the specimens was examined using an SEM after plasma etching the polished surface.
Specimens for mechanical tests were cut from the hotpressed disks and machined into bar shape with dimensions of 3 mm × 4 mm × 25 mm. All of the specimens were ground with a diamond wheel and polished with diamond slurries down to 1 m. Edges of all of the specimens were beveled to minimize the effect of stress concentration due to machining flaws. The strength was measured with four-point bending configuration with a crosshead speed of 0.5 mm/min, and inner and outer spans of 10 and 20 mm, respectively. The fracture toughness was measured by the indentation-strength method with an applied load of 196 N for 15 s. The strength of the indented specimen was measured with the four-point bending configuration mentioned above. The equation of Chantikul et al. 17 was used to calculate the fracture toughness. For the R-curve characterization, a wide range of indentation loads, between 9.8 and 298 N, was employed. The relationship between the indentation load and the strength after indentation was used to calculate the R-curve behavior by a procedure suggested by Krause. 18 At least five specimens were tested for each experimental condition.
III. Results and Discussion
SEM micrographs of the monolithic Si 3 N 4 and the Si 3 N 4 -SiC composite material containing 20 vol% SiC platelets are shown in Figs. 1(A) and (B) . These micrographs illustrate that both the monolithic and the composite material have negligible porosity and that the microstructure of Si 3 N 4 was not signifi-cantly altered by the SiC platelets. Figure 1 (B) also shows the relative size of Si 3 N 4 grains (∼1 m in diameter) and the SiC platelets (10-20 m). When second phases such as whiskers or particles were added to Si 3 N 4 , the growth of Si 3 N 4 grains was generally inhibited. However, the growth of the Si 3 N 4 grains was not much affected by the presence of the SiC platelets, as shown in Fig. 1(B) , presumably because of the large size of the platelets.
Effects of SiC-platelet content on the flexural strength and the fracture toughness of the Si 3 N 4 composites are shown in Fig. 2 . Tensile surfaces for the tests were perpendicular to the hot-pressing axis. As seen in Fig. 2 , the flexural strength decreased by the SiC-platelet addition. However, considering the size of the platelets, the degree of reduction in strength was rather small. Preferential alignment of the platelets perpendicular to the hot-pressing direction is thought to be the cause of the least reduction in strength. In other words, the size of the cracks that might affect the strength of the composite is in the range of the thickness of the platelets, which is mostly less than about 4 m. Contrary to the strength, the fracture toughness increased steadily with the SiC content. Similar results were reported previously by Baril et al. 8 When they added the SiC platelets with different sizes into the Si 3 N 4 , the strength decreased slightly and the fracture toughness increased steadily up to 30 vol% of SiC platelets. They also observed that the size of the platelets had minimal effect on the strength and the fracture toughness.
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The R-curve behavior of the Si 3 N 4 was also strongly influenced by the SiC-platelet addition. The R-curve behavior was estimated from the relationship between the indentation load and the indentation strength as shown in Fig. 3 . For materials having a flat R-curve characteristic, the slope of the plot should be −1/3. Deviation from −1/3 represents a rising R-curve behavior. 18 As seen in Fig. 3 , the slope of the monolithic Si 3 N 4 was greater than −1/3, implying an increase in crack resistance with crack length clearly due to the formation of elongated grains. The slope became even higher by the addition of the platelets.
The R-curves were constructed from these relationships between the indentation load and the indentation strength in Fig.  4 . As seen in Fig. 4 , significant improvements in the crack resistance were achieved by the addition of the platelets. Even though not performed in this research, the effect of platelet size on the R-curve behavior is expected to be minimal because the fracture toughness was observed to be not much influenced by the size of the platelets. 8 A crack path generated by the indentation on the surface of the composite material containing 20 vol% SiC is illustrated in Fig. 5(A) . Extensive crack interactions, such as crack deflection, crack bridging, and pull-out, with the platelets are seen in this micrograph, indicating that SiC platelets are a suitable reinforcing material for Si 3 N 4 . Fracture surfaces of the composite, in Fig. 5(B) , also show extensive pull-outs of the platelets. Therefore, the improvements in the R-curve behavior and the fracture toughness of Si 3 N 4 by the addition of the SiC platelets are attributable to the crack interactions with the platelets.
IV. Conclusions
The R-curve behavior of Si 3 N 4 was improved significantly by the addition of SiC platelets. The improvement was attributed to the crack interaction with the platelets, for the microstructure of the Si 3 N 4 matrix was not altered by the platelets. Crack deflection, crack bridging, and pull-out of the platelets were observed from the composite materials. The fracture toughness was also increased; however, the fracture strength was reduced slightly by the SiC platelets.
